Homologous glycosyltransferases GTA and GTB perform the final step in human ABO(H) blood group A and B antigen synthesis by transferring the sugar moiety from donor UDP-GalNAc/UDP-Gal to the terminal H antigen disaccharide acceptor. Like other GT-A fold family 6 glycosyltransferases, GTA and GTB undergo major conformational changes in two mobile regions, the C-terminal tail and internal loop, to achieve the closed, catalytic state. These changes are known to establish a salt bridge network among conserved active site residues Arg188, Asp211 and Asp302, which move to accommodate a series of discrete donor conformations while promoting loop ordering and formation of the closed enzyme state. However, the individual significance of these residues in linking these processes remains unclear. Here, we report the kinetics and high-resolution structures of GTA/GTB mutants of residues 188 and 302. The structural data support a conserved salt bridge network critical to mobile polypeptide loop organization and stabilization of the catalytically competent donor conformation. Consistent with the X-ray crystal structures, the kinetic data suggest that disruption of this salt bridge network has a destabilizing effect on the transition state, emphasizing the importance of Arg188 and Asp302 in the glycosyltransfer reaction mechanism. The salt bridge network observed in GTA/GTB structures during substrate binding appears to be conserved not only among other Carbohydrate Active EnZyme family 6 glycosyltransferases but also within both retaining and inverting GT-A fold glycosyltransferases. Our findings augment recently published crystal structures, which have identified a correlation between donor substrate conformational changes and mobile loop ordering.
Introduction
The observed induction of anaphylaxis and death by mismatched blood transfusions (Milland and Sandrin 2006) led Landsteiner to discover the ABO(H) blood groups at the dawn of the 20th century (Landsteiner 1901 ). The human ABO(H) blood group antigens were eventually determined to be cell surface oligosaccharides conjugated to membrane glycoproteins and glycolipids present on many endothelial and epithelial tissues, including erythrocytes, and are also found as free oligosaccharides in the saliva, mucous, tears and other bodily fluids of "secretor-type" individuals (Henry et al. 1990 ). The ABO blood group is known widely for its involvement in or connection to numerous human diseases, including cholera, cardiovascular disorders (e.g. coronary heart disease, venous thromboembolism and von Willebrand disease) and cancers (e.g. gastric and pancreatic cancers) (Yamamoto et al. 2012; Liumbruno and Franchini 2013; Rummel and Ellsworth 2016) .
Two homologous Carbohydrate Active EnZyme (CAZy) (Coutinho and Henrissat 1999; Lombard et al. 2014 ) family 6 glycosyltransferases (GTs) are involved in the final step of A and B antigen synthesis, where they catalyze the glycosyltransfer of GalNAc or Gal, respectively, to the H antigen acceptor terminal disaccharide (α-L-Fucp-(1→2)-β-D-Galp-O-R, where R is a glycolipid or glycoprotein; HA). The α-(1→3)-N-acetylgalactosaminyltransferase GTA (EC 2.4.1.40) transfers GalNAc from UDP-GalNAc to HA to produce the blood type A
determinant (α-L-Fuc-(1→2)-[α-D-GalNAc-(1→3)]-β-D-Gal-O-R), while the α-(1→3)-galactosyltransferase GTB (EC 2.4.1.37) transfers Gal from UDP-Gal to HA to produce the blood type B determinant (α-L-Fuc-(1→2)-[a-D-Gal-(1→3)]-β-D-Gal-O-R).
Interestingly, this means that the A and B antigen determinants, whose mismatch in a blood transfusion can be fatal, differ only in the C2 substituent of the terminal sugar, where A has an acetamido group and B has a hydroxyl (Hearn et al. 1968; Kobata et al. 1968, Yamamoto and Patenaude et al. 2002) . Blood type O individuals typically have a mutant form of the gene encoding GTA and/or GTB and cannot express functional enzyme, and so biosynthesis halts at the H antigen.
GTA and GTB differ in only four "critical" amino acid residues out of 354 (GTA/GTB: Arg/Gly176, Gly/Ser235, Leu/Met266, Gly/ Ala268) and are therefore the most homologous reported GTs that use distinct naturally occurring donor substrates. Of the four amino acid differences between GTA and GTB, only Leu/Met266 and Gly/ Ala268 participate in donor sugar recognition Seto et al. 1997 Seto et al. ,1999 Kamath et al. 1999; Patenaude et al. 2002; Monegal and Planas 2006) , while Gly/Ser235 has been shown to affect acceptor binding (Patenaude et al. 2002; Letts et al. 2006) , and Arg/Gly176 can influence internal loop ordering (Lee et al. 2005; Alfaro et al. 2008) . Notably, GTA and GTB are two of the most-studied GTs with respect to structural characterization, mutagenesis and enzyme dynamics investigations. Much of this work utilized GTA/GTB chimeras described using four-letter codes where each letter corresponds to one of the four critical residues such that AAAA represents GTA, BBBB represents GTB and AABB represents a chimera with the first two critical residues of GTA and the last two critical residues of GTB.
GTs are broadly classified based on reaction stereochemistry and fold type. GTA and GTB perform glycosyltransfer with conservation of the donor sugar α-linkage in the product and are classified as "retaining" enzymes. In contrast to inverting enzymes, the mechanism for this class of GTs remains uncertain. GTA and GTB have a GT-A fold type, which is characterized by two adjacent Rossmann fold-like domains and a conserved DXD motif within the active site. Additionally, they possess regions of mobile polypeptide that recognize and sequester substrate during catalysis and exhibit considerable structural homology with other family 6 enzymes, as shown in Figure 1 (Gastinel et al. 2001; Persson et al. 2001a; Patenaude et al. 2002; Qasba et al. 2005; Yazer and Palcic 2005; Letts et al. 2007; Alfaro et al. 2008; Schuman et al. 2010) . Loop organization around substrate during catalysis is found in both retaining and inverting GTs, with the latter exemplified by β-1,4-galactosyltransferase I (β4Gal-T1; EC 2.4.1.38) (Qasba et al. 2002) .
The mobile internal loops (aa 176-195) and C-terminal tails (aa 345-354) of the wild-type and mutant enzymes are observed to transition from a disordered open state to a highly ordered, catalytically competent closed state when both donor and acceptor substrates are bound (Patenaude et al. 2002; Alfaro et al. 2008; Gagnon et al. 2015) . Recently, it was shown that GTA and GTB can recognize and bind lower energy donor conformations, as identified in solution Blume et al. 2006) and shift them through a series of discrete conformations of comparable free energy (Figure 2A) , each stabilized by a set of hydrogen bonds, to the "tucked under" conformation associated with catalysis (Gagnon et al. 2015) (Figure 2B -E).
Several active site residues conserved in family 6 enzymes have been observed to make the same pattern of hydrogen bond contacts to the donor sugar in both the intermediate and tucked under conformations ( Figure 2B ), among these Arg188, Asp211 and Asp302 in GTA/GTB (Gagnon et al. 2015) . Family 6 GT β-galactosyl α-1,3-galactosyltransferase (α3GT; EC 2.4.1.87) from Bos taurus (Zhang et al. 2003) possesses active site residues Ser199, Arg202, Asp225 and Asp316, which correspond to GTA/GTB residues Ser185, Arg188, Asp211 and Asp302, respectively ( Figure 1C) , and form the corresponding hydrogen bond contacts to the glycosyl moiety of the UDP-Gal donor in both GTs. A fourth GT, Bacteroides ovatus BoGT6a (EC 2.4.1.40), a metal-independent enzyme with an NXN motif instead of the DXD motif typically observed for family 6 GTs (Tumbale and Brew 2009) possesses corresponding residues Thr70, Arg73, Asn95 and Asp191 and displays similar interactions (Tumbale and Brew 2009; Thiyagarajan et al. 2012; Pham et al. 2014) .
Given the central function this set of conserved residues plays in family 6 GTs, a detailed investigation into their contribution to structure and function is overdue. Here, we explore the kinetic and structural contributions of Arg188 and Asp302 using mutant enzymes GTB/R188K, GTA/D302A, GTA/D302C, GTA/D302L, GTB/D302A, GTB/D302C, GTB/D302E and GTB/D302L.
Results

Kinetics
Kinetic constants were determined for each purified mutant at a high concentration of the alternate substrate and are presented in Table I alongside published kinetic data for bovine α3GT (Zhang et al. 2003 ) All mutants had decreased activity compared to the corresponding wild-type enzymes. GTA/GTB R188K, D302A and D302L mutants exhibited nearly complete loss of activity. The GTB/ D302A and GTB/R188K mutants had elevated K m values for UDPGal donor. The GTB/D302E mutant had the highest activity of the 302 mutants with a k cat that was 47% that of wild-type GTB. The K m for UDP-Gal donor was elevated with no change in the K m for acceptor. GTA/D302C and GTB/D302C k cat values were 9.1 and 9.0% of wild type, respectively (Table I ). The K m values for donor and acceptor substrates were elevated for both D302C mutants.
Structure determination
One GTA mutant and four GTB mutant enzymes formed diffractionquality crystals: GTA/D302C, GTB/D302A, GTB/D302C, GTB/ D302L and GTB/R188K. Data collection and refinement results for these mutant enzymes are summarized in Table II . Diffraction data were collected to a maximum resolution of 2.18-1.45 Å, with a final R work of 18.4-20.1% and R free of 20.2-24.6%. With the exception of disorder between atoms Cε and Nζ in the R188K structure, there is unambiguous electron density about the mutation sites ( Figure 3A) . While the internal loop and C-terminal tail were largely disordered, none of the mutant structures display significant perturbation of main chain or side chain polypeptide electron density from the wildtype structure. Appropriate electron density is observed for the mutant side chain in each Asp302 and Arg188 mutant structure ( Figure 3A ). Cys302 is disordered over two side chain conformations in both GTA/D302C and GTB/D302C structures ( Figure 3A ). The degree of internal loop disorder varied across all structures (Table III) , while the C-terminal tail was uniformly disordered. The loop disorder observed in the mutant structures is similar to unliganded wild-type GTB (PDB code 1LZ7), and superposition of the ordered residues of 1LZ7 with any one of the structures reported here gives RMSD displacement values under 0.30 Å.
Discussion
An intricate hydrogen bond/salt bridge network drives formation of the catalytically competent state Liganded and unliganded GTA/GTB structures have shown that binding of the donor sugar via Arg188, Asp211 and Asp302 is crucial to formation of the catalytically active closed conformation (Alfaro et al. 2008; Schuman et al. 2010) , as these residues form a hydrogen bond network (which includes a number of salt bridges) with each other and the donor substrate (Table IV; Figure 2B ).
In wild-type GTA and GTB, Asp302 forms a bidentate salt bridge to Arg188 in unliganded open structures ( Figure 3B ) as well as in structures containing the donor in an intermediate conformation identified previously as conformation #2 (Gagnon et al. 2015 ) (Figures 2A and B and 3C) , where it also forms a hydrogen bond to donor Gal-O3. Upon rotation of the donor into the tucked under conformation (conformation #1; Figure 2A ) and concomitant enzyme closure, the side chain of Asp302 loses the Nε hydrogen bond with Arg188 and switches from binding Gal-O3 to Gal-O4 (Table IV ; Figures 2B and 3D) (Alfaro et al. 2008; Schuman et al. 2010; Gagnon et al. 2015) .
In conformation #2, Arg188 makes a single contact to the donor via a water bridge to Gal-O2. Donor hydroxyl groups move by as much as 4.0 Å during the shift to conformation #1, and both Arg188 and Asp211 side chains make direct hydrogen bonds to Gal-O3 ( Figure 2B ) (Alfaro et al. 2008; Gagnon et al. 2015) . During the shift to conformation #1, the donor Gal-O6 is displaced by 2.7 Å. This prevents a steric clash from occurring between Trp181 and Gal-O6 of donor conformation #2 and promotes a stabilizing interaction between Trp181 and Arg352 of the C-terminal tail. When UDP-Gal shifts to conformation #1, the internal loop becomes more ordered, and Arg188 is anchored via a direct interaction with the donor glycosyl moiety as well as salt bridge interactions with Asp211 and Asp302.
The salt bridges formed among Arg188, Asp211 and Asp302 appear not only to mediate the stepwise shift of donor from the predominant solution conformation to the tucked under catalytically competent conformation but also to drive the organization of the enzyme to the closed state. Glycosyltransfer is thought to occur after the internal loop and C-terminal tail organizes about the substrates to achieve the closed state (Alfaro et al. 2008 ), a common theme in GTs (Rini et al. 2009 ), but it is clear that the formation of the closed state itself is promoted by the new and reordered active site interactions that form as the donor binds.
In addition to participating in the ordering of the internal loop upon donor binding, Asp302 resides in the active site within an identified "double-turn" motif (aa 298-303), a conformationally unstable structural feature consisting of two interpenetrating hairpin turns. The double-turn motif is found in family 6 enzymes, including α3GT, BoGT6a and GTA/GTB, as well as the family 8 α-1,4-galactosyltransferase LgtC and has a known catalytic role in GTA and GTB (Tumbale et al. 2008; Blackler et al. 2017) . The residues in the hydrogen bond/salt bridge network serve in part to link the double turn with the internal loop. A corresponding set of interactions, as outlined in Table V , occurs in unliganded and liganded versions of structurally homologous family 6 GTs, α3GT and BoGT6a. The crystal structure of unliganded α3GT (PDB code: 5NR9) (Albesa-Jove et al. 2017) contains two molecules in the asymmetric unit, with only one having comparable salt bridge interactions. This is likely due to an observed glycerol molecule derived from the crystallization conditions providing stabilizing interactions normally provided by the donor sugar moiety. The second molecule in the asymmetric unit does not have glycerol in the donor-binding site and does not possess the corresponding salt bridge network.
Although α3GT and BoGT6a share only~43 and~33% sequence identity with GTA/GTB, respectively, structural overlap with the chimeric enzyme AABB shows a striking similarlity. AABB/ α3GT residues Ser185/Ser199, Arg188/Arg73, Asp211/Asn95 and Asp302/Asp191 are in near-identical orientations ( Figure 1C ). Corresponding BoGT6a residues Thr70, Arg73, Asn95, Asp191 achieve the closed enzyme state in the same fashion.
Salt bridge network conserved in retaining and inverting GT-A fold GTs
The GTA/GTB Arg188, Asp211 and Asp302 salt bridge network observed for family 6 GTs α3GT and BoGT6a may represent a conserved feature among other GT-A fold-type GTs. Overlap of chimeric AABB (PDB code: 2RJ7) with published GT-A fold structures shows that nearly all families contain at least one representative structure with equivalent interacting salt bridge residues involved in donor binding (Table VI, Figure 4A -H). The salt bridge network is conserved in the published structures of GT-A fold family 7, 13, 15, 27, 55, 64, 78 and 81 GTs, while family 2, 8 and 43 GTs do not show complete conservation. For example, the active sites of some family 2 GTs cannot be assessed due to ambiguous electron density or lack of intact donor-bound complexes: PF0058 from Pyrococcus furiosus, BF2801 from Bacteroides fragilis and Os07g0208500 from Oryza sativa. As well, the unliganded structures of family 2 GT SpsA do not show salt bridge conservation, though the cognate substrate for this enzyme is unknown and thus there exist no structural determinations of the natural donor complexes. Further, the quality of the electron density around the active sites for family 8 GTs Apre_0416 from Anaerococcus prevotii, Gtf2 from Streptococcus gordonii and the glycogenin α-glucosyltransferase from Caenorhabditis elegans does not allow an unambiguous determination of salt bridges, though conservation is seen for the remaining members of family GT-8. The final exception to salt bridge conservation is family 43 GT β-1,3-glucuronosyltransferase 3, which features Leu280 in the position corresponding to GTA/GTB residue Asp302.
The residue Ser185 is not strictly conserved across all GT-A fold GTs, and its presence is approximately correlated to internal loop length. For example, the relatively shorter internal loop of retaining GT-A fold family 27 polypeptide GalNAc-transferase 2 (GalNAc-T2) may require fewer contacts to achieve the ordered, closed catalytic state, meaning Leu204 may suffice in the position occupied by a hydrogen-bonding Ser185 in GTA/GTB. This trend also extends to inverting GT-A fold GTs, where residues equivalent to GTA/ GTB Arg188, Asp211 and Asp302 are present in representative structures of each family (Table VI) .
Conserved residue Ser185 stabilizes the closed state
In addition to Arg188, another residue of the internal loop, Ser185 shifts considerably as the donor makes the final transition from conformation #2 into the tucked under conformation #1 (Gagnon et al. 2015) . Ser185 moves over 6 Å to form a hydrogen bond with Asp302 of the double-turn motif ( Figure 4I ) to stabilize the closed state. Notably, Nakahara et al. (2006) determined the kinetic constants for GTB S185N and S185C mutants of this residue and observed a decrease in k cat values (0.52 s −1 and 0.092 s
, respectively) relative to their reported value for wild-type GTB (5.2 s −1 ) (Nakahara et al. 2006) . These data underscore the importance of Ser185 in catalytic turnover in these enzymes.
Loop ordering and kinetics of Asp302 and Arg188 mutants
Of the five mutant enzyme structures, only GTA/D302C and GTB/ R188K show any electron density for the side chain of residue 188 (Table III) . This is not unexpected as the side chains of the corresponding residues in GTB/D302A and GTB/D302L cannot form hydrogen bonds, take part in the salt bridge network or stabilize the closed conformation, which is consistent with the near-zero activities of these mutants (Table I) . Although D302C in both GTA/D302C and GTB/D302C is disordered over two conformations ( Figure 5A ) and sulfur is a poor hydrogen bond acceptor, the side chain may still be able to interact with the donor to participate in the hydrogen bond network interactions that stabilize the closed conformation to yield~10% of wild-type activity (Table I) . Critical residue Arg/Gly176 has also been associated with internal loop stability, with Arg176 imparting greater loop order due to more restricted main chain dihedral angles compared to Gly176 (Patenaude et al. 2002; Lee et al. 2005; Letts et al. 2006; Alfaro et al. 2008; Johal et al. 2012 ). This trend is again observed in the structures of the D302C mutants, the only Asp302 mutants that yielded diffraction quality crystals for both enzymes. The GTA/D302C structure displays unambiguous electron density for 11 additional internal loop residues over GTB/D302C (Table III) .
An exception to the trend is the GTB/D302L mutant. Leu302, which cannot form a salt bridge interaction with Asp211 yet achieves ordering of the internal loop in the open position (i.e. not in the catalytic position) via the additional van der Waals contacts formed between Leu302 and Met189, as observed in the crystal structure of this mutant ( Figure 5B and C) .
Among the crystal structures determined for GTB mutants, GTB/R188K has the greatest internal loop order in the open conformation and partially maintains the salt bridge network (Table III) , albeit with a significantly different pattern of hydrogen bonds in the active site from the wild type. The multivalency and higher pKa of the guanidinium group (Sokolowski et al. 1998 ) of the arginine side chain allow for more and stronger electrostatic interactions relative to lysine. This is consistent with the kinetic data for GTB R188K, which has higher donor and acceptor K m values relative to wild-type enzyme and displays a reduction in k cat Table I . Kinetic constants for GTA/GTB wild-type and Asp302 & Arg188 mutants alongside kinetic constants for chimeric enzyme AABB and Asp316 mutants of bovine fitting while for k cat they are the average of k cats from donor and acceptor kinetics.
h As reported inby Yazer and Palcic (2005) . *Boxes contain dashes when the specified mutation does not apply to a given enzyme. For example, Asp316 is a residue belonging to α3GT (not GTA/GTB or AABB), and so the kinetics for the D316N mutant are displayed appropriately for α3GT but not GTA, GTB or AABB.
of nearly four orders of magnitude (Table I ). The structure of GTB/ R188K suggests that Lys188 forms a disordered salt bridge with Asp211 and Asp302 ( Figures 3A and 5B ), a weaker set of interactions than seen for the wild type, indicating that both the length and multivalent nature of the Arg188 side chain are required to achieve the catalytic state.
The wild-type structures show that the closed catalytic conformation is achieved with formation of salt bridges from Asp211 and Asp302 to Arg188 ( Figure 2B ). The extent of internal loop disorganization observed in mutants of Arg188 or Asp302 underscores their importance. More conservative mutations (GTA/D302C, GTB/ R188K) reduce loop ordering (Table III) , though the salt bridge is approximately maintained (Figure 5A and B), while other mutations disrupt this network. Such mutants either maintain order through unconventional contacts (GTB/D302L; Figure 5D ) or display a disordered internal loop (GTB/D302A, GTB/D302C) (Table III) .
Acidic amino acid residue 302 is required for efficient catalysis
Kinetic and structural data demonstrate that Asp302 strongly influences enzyme efficiency (Table I) . Mutation of Asp302 to nonpolar alanine and leucine nearly abolishes enzyme activity, while the conservative mutation to glutamate preserves almost 50% of wild-type activity and a mutation to cysteine preserves~10% (Table I ). In the case of D302C mutants, a comparable percentage of cysteine side chains are expected to be in the ionized state at pH 7.4, the pH used in these kinetic studies, which supports the notion that a negative charge at residue 302 is catalytically important. These data are consistent with the homologous bovine α3GT, which retains 40% of wild-type activity when the corresponding residue Asp316 ( Figure 1C ) is mutated to a glutamate (Tumbale et al. 2008 ) but loses nearly all detectable activity when mutated to alanine (Monegal and Planas 2006) or asparagine (Tumbale et al. 2008 ) ( Table I) . As with GTA/GTB, the loss of activity was attributed to α3GT's requirement for a charged residue at this position (Tumbale et al. 2008 ).
Conclusions
Conserved active site residues Arg188 and Asp302 are critical for catalysis in GTA and GTB, and disruption of their hydrogen bond network through mutation can dramatically decrease enzymatic activity. The contributions of these residues stem not only from direct contact recognition of donor but also from their ability to stabilize through salt bridges and hydrogen bonds the internal loop in the closed conformation. Taken together, these data suggest that Arg188 and Asp302, in addition to Ser185 and Asp211, are critical to the generation of the catalytic state in GTA and GTB. Asp302 and Arg188 mutant enzymes are unable to achieve this state due to a weakened or abolished hydrogen bond network, where Ser185 cannot anchor the internal loop to the double-turn motif, impeding loop organization and by extension, catalysis.
Materials and methods
Generation of mutants, protein expression and purification
Site-directed mutagenesis for the Asp302 mutants was carried out as described previously (Marcus et al. 2003 ) using recombinant PCR with wild-type GTA or GTB (aa 63-354) in the plasmid vector pCWΔlac as template. The primers used for mutagenesis with codon substitutions in bold were as follows: D302A 5′ forward primer TGG CAC GCT GAA TCC CAC CTG AAC AAA TAC CTG; 5′ reverse primer GTG GGA TTC AGC GTG CCA AAC AGC TTC GAT ACC; D302C 5′ forward primer GTT TGG CAC TGC GAA TCC CAC CTG AAC AAA TAC; 5′ reverse primer GTG GGA TTC GCA GTG CCA AAC AGC TTC GAT ACC; D302L 5′ forward primer TGG CAC CTG GAA TCC CAC CTG AAC AAA TAC CTG; 5′ reverse primer GTG GGA TTC CAG GTG CCA AAC AGC TTC GAT ACC; D302E 5′ reverse primer GTG GGA TTC CTC GTG CCA AAC AGC TTC GAT ACC; 5′ forward primer TGG CAC GAG GAA TCC CAC CTG AAC AAA TAC CTG. Site-directed mutagenesis for the Arg188 mutant was carried out using a QuikChange II XL site-directed mutagenesis kit (Strategene) and GTB (aa 63-354) in the plasmid vector pCWΔlac as previously described (Letts et al. 2007 ). The primers used for mutagenesis were as follows: R188K 5′ forward primer G CAG GAC GTT TCC ATG CGT AAA ATG GAA ATG ATC AGC GAC; 5′ reverse primer GTC GCT GAT CAT TTC CAT TTT ACG CAT GGA AAC GTC CTG CC. All mutant enzymes were purified according to a two-step protocol using ion-exchange and UDPhexanolamine affinity chromatography (Marcus et al. 2003; Seto et al. 1999 ). (Alfaro et al. 2008) . One-letter amino acid codes with upper case black letters correspond to unambiguous electron density for main chain and side chain atoms, blue corresponds to unambiguous electron density for main chain atoms only; red letters correspond to weak or ambiguous electron density for main chain and side chain atoms. Residues with one-letter amino acid codes in lower case have not been included in the refined models. 
Kinetics
A radiochemical assay with hydrophobic acceptor Fuc-α-1→2-Gal-β-(CH 2 ) 7 CH 3 and radiolabeled sugar donors was used to characterize the mutants (Palcic et al. 1988; Alfaro et al. 2008 ). This assay is based on the removal of radiolabeled reaction products from unreacted donor on reverse-phase C18 cartridges. Assays were carried out at 37°C in a total volume of 12-15 μL with incubation times of 30-40 min using at least five different concentrations of acceptor or donor substrate with 1 mM of the nonvaried substrate. Enzyme concentrations ranged from 2.9 nM (GTA D302C) to 6.8 μM (GTB D302A) in 50 mM MOPS pH 7.0 with 20 mM MnCl 2 and 1 mg/mL bovine serum albumin. Initial rate conditions were linear with no more than 10-20% of the substrate consumed. The kinetic parameters k cat and K m were obtained by nonlinear regression analysis of the MichaelisMenten equation with GraphPad PRISM 3.0. K m errors are from curve fitting while for k cat they are the average of k cats from donor and acceptor kinetics. Table IV . Hydrogen bond interactions (with distances between 2.5-3.5 Å) between catalytically competent UDP-Gal donor substrate and key active site residues of GTA/GTB and CAZy family 6 homologs α3GalT and BoGT6a (Figures 1 and 2 Liganded α3GalT, PDB code: 1O7Q (Zhang et al. 2003) .
c Acceptor-bound BoGT6a, PDB code: 4AYJ (Thiyagarajan et al. 2012) , superposed with liganded AABB, PDB code: 2RJ7, where UDP-Gal substrate is oriented as described byThiyagarajan et al. (2012). Table V . Comparison of salt bridge interactions in unliganded and liganded GTB with UDP-Gal in alternate conformation #2 and liganded AABB with UDP-Gal in the catalytically competent conformation (#1) (black). Interactions are shown alongside those observed for α3GalT (blue) and BoGT6a (red) with relevant residues grouped with their GTA/GTB equivalents Atoms from conserved salt bridge residues
[NH1] from R188, R202, R73
[NH2] from R188, R202, R73
[NE] from R188, R202, R73
[O] from S185, S199, T70 Liganded GTB, PDB code: 5C1L (Gagnon et al. 2015) . e Liganded α3GalT, PDB code: 1O7Q (Zhang et al. 2003) . f Unliganded BoGT6a, PDB code: 4AYL (Thiyagarajan et al. 2012 ). g Acceptor-bound BoGT6a, PDB code: 4AYJ (Thiyagarajan et al. 2012) , superposed with liganded AABB, PDB code: 2RJ7, where UDP-Gal is oriented as described by Thiyagarajan et al. (2012) . Table VI . Representative structures deposited in the Protein Data Bank of retaining and inverting GT-A fold GTs with salt bridge residues corresponding to GTA/GTB (family GT-6) residues Arg188, Asp211 and Asp302
Crystallography Spontaneous crystals were recovered from concentrated stock solutions of GTB/D302A (68 mg/mL), GTB/D302L (40-50 mg/mL), GTB/D302C (55 mg/mL) and GTA/D302C (95-100 mg/mL) stored in 50 mM MOPS pH 7.0, 0.1 M NaCl, 1 mM DTT, 5 mM MnCl 2 and kept at 4°C. GTB/R188K crystals were obtained by hanging drop vapor diffusion at 4°C, where 3 μL of concentrated stock (66-68 mg/mL) was mixed with 1 μL of reservoir solution containing 0.3 M sodium acetate and 0.3 M NaCl.
Prior to freezing, crystals were washed in Mother liquor initial (ML o ) containing 6.8% PEG 4000, 40 mM sodium acetate pH 4.6, 30 mM ADA pH 7.5, 20 mM MES pH 6.5, 40 mM ammonium sulfate, 9 mM MnCl 2 , 30% glycerol.
Data were collected on a Rigaku RAXIS IV++ area detector and processed with d*trek (Pflugrath 1999) . For data collection the detector distance was 72 mm and exposure times varied between 4.0 and 5.0 min for 0.5°oscillations. X-rays were produced by a MM-002 generator (Rigaku/MSC) coupled to Osmic "Blue" confocal Xray mirrors at 30 W (Osmic). Crystals were frozen and maintained under cryogenic conditions at a temperature of −160°C using a CryoStream 700 crystal cooler (Oxford). Although the structures appeared to be isomorphous with the known structures of the wildtype enzymes, for completeness all data sets were solved using molecular replacement techniques (the MolRep module of the CCP4 suite) with wild-type GTA or GTB (Protein Data Bank (PDB) accession codes 1LZ0 and 1LZ7, respectively) (Patenaude et al. 2002) as starting models (Murshudov et al. 1997; Vagin and Teplyakov 1997; Vagin and Isupov 2001; Mccoy et al. 2007; Vagin and Teplyakov 2010) and subsequently refined using REFMAC5 (Murshudov et al. 1997 ) of the CCP4 program suite (Bailey 1994) . Figures were generated using SetoRibbon (Evans, unpublished) as well as Chimera (Pettersen et al. 2004) . Marvin was used for drawing two-dimensional hydrogen bond diagrams (Marvin version 5.9.0, 2012, ChemAxon (http://www.chemaxon.com)). Fig. 4 . The salt bridge interactions formed in the closed enzyme state represent a structurally conserved feature found in representative structures from each retaining GT-A fold family. (A) Overlap of salt bridge residues Arg188, Asp211 and Asp302 from chimeric AABB in gray (PDB code 2RJ7) with corresponding residues (listed in Table VI) in representative structures from each retaining GT-A fold family using the following color scheme: GT-8 in sky blue (PDB code 1GA8), GT-15 in plum (PDB code 1SP4), GT-27 in brown (PDB code 4D0T), GT-55 in salmon (PDB code 2ZU8), GT-64 in tan (PDB code 1ON8), GT-78 in deep pink (PDB code 2Y4L) and GT-81 in forest green (PDB code 4DEC). In (B-H) AABB again is shown in gray (PDB code 2RJ7) and is separately overlapped with each GT-A fold family representative, which collectively are colored with cyan for carbon, phosphorous and manganese. Overlaps are between AABB and a representative structure (listed in Table VI) . Certain mutants of residue 302 and 188 are able to compensate for the loss of critical hydrogen bonds within the salt bridge network by establishing alternative interactions. D302C and R188K mutants maintain the salt bridge network by adopting multiple conformations, while the D302L mutant maintains partial loop order via van der Waal's contacts. (A) Cys302 side chain observed in two conformations in unliganded GTA/D302C. (B) Lys188 side chain observed in two conformations in unliganded GTB/R188K. Stereoview of (C) wild-type GTB residues Asp302 and Met189 (PDB code 2RIT) and (D) GTB/D302L residues Leu302 and Met189 with van der Waal's interactions shown as dashed lines (distances shown in Ångstrom) between the leucine side chain carbon atoms and the methionine side chain methyl group. The dashed lines between the Met189 methyl group and the Asp302 carbonyl group represent a measured distance, not a van der Waal's interaction. Atoms are colored by element with carbon gray, oxygen red, nitrogen blue and sulfur yellow. Salt bridge interactions are depicted as pink dashed spheres.
